The transmittable power of continuously variable belt-and chain transmissions has been increased steadily in recent years so they have the potential for use in tractors up to about 100 kW. In the current common designs, the hydraulic system, which is required for clamping and ratio control, exerts a strong influence on the total losses. In order to increase the overall efficiency of such a transmission, new, pressure-controlled clamping hydraulics with significant higher efficiencies were examined with the aid of computer simulation. Among an expensive but exact solution a simpler approach is introduced. These studies focused on the realization of highly dynamic clamping pressure supply in cases of sudden torque increase, which occur frequently in tractors.
INTRODUCTION
After the introduction of continuously variable tractor transmissions by a variety of competitors the market share is growing more and more in the highly developed markets [ 1, 2] . All the offered solutions are based on the hydrostatic-powersplit principle and are mainly represented in the high power range. Chain converters seem interesting for a power range up to about 100 kW, especially because of their excellent mechanical efficiency. Their efficiency potential is about the same as for the best systems of hydrostatic power split systems [3] .. Currently, their load limits are insufficient for large tractors. In the next future the transmittable power will grow steadily through research work including activities within the automotive industry [4, 5, 6 ].
BACKGROUND
The functionality of a chain converter is simple. Power is transmitted through friction between the tension chain and two conical discs, each installed on in-and output shaft. One of the discs is firmly connected to the shaft, while the other one is axially movable. The adjustment of the distance of the two movable discs causes the chain to run at different radii, i.e. different transmission ratios. The movable disc is designed as a hydraulic cylinder so that the clamping of the chain and the discs as well as the adjustment is realized hydraulically. Two aspects are decisive for the level of oil pressure: first, the amount of the torque to be transmitted sets a basic level in order to prevent the chain from slipping and, hence, damage to the converter [7] . Second, the adjustment of the transmission ratio requires an additional pressure modulation. chain converter is from the company PIV Drives GmbH. Although meanwhile the hydraulic circuit is controlled electronically the basic principle is like the well known PIV constant flow system. So the torque-proportional pressure is provided by the PIV torque sensors by throttling a constant oil flow. Two torque sensors are situated in the power train (one each at in-and output shaft). The disadvantage is that the constant flow must always be provided no matter whether or not torque rises or a ratio adjustment is carried out.
THE NEW PRESSURE-CONTROLLED SYSTEM Figure 1 : New Concept of a pressure controlled clamping system with modified torque sensors
From an energetic viewpoint, throttle control means a big disadvantage. For this reason, an efficient system which is electronically controlled according to the pressure requirements was designed at the Institute of Agricultural Machinery [ 10] in order to improve the overall efficiency of a chain converter transmission. The fundamental idea was to save energy by producing oil flow and pressure only on demand. First simulations promise savings in hydraulic power of up to 80 % resulting in a plus of 2 % points of overall efficiency [10] . It was possible to realize a simple design (Figure 1 ). It consists of a variable displacement pump, one 3-way pressure control valve for each shaft, and a novel torque sensor [ 10] which is based on the ball-ramp principle of the PIV constant flow torque sensor (Figure 2 ). This new torque sensor provides a highly dynamic increase of oil pressure, as soon as the amount of oil pressure is getting too low to transmit the current load without chain slipping. For this reason excess clamping can be kept to a minimum. In the following this very useful property is called pump function.
PUMP FUNCTION
When the required clamping pressure is built up too slowly due to the inertia of the pressure control valve and the pump (e.g. in case of torque shock load), the torque sensor adjusts the clamping pressure highly dynamically: if the axial force generated from the torque at the ball ramps is larger than the pressure force in the sensor chamber, the movable plate pumps oil volume into the circuit and thus increases the pressure abruptly ( Figure  2 ). In spite of this helpfully function the dynamic of the hydraulic system and especially of the valves should be as high as possible in order to reduce the time of pumping to a minimum to keep the transmission rigid. Also the stroke of the movable plate is limited by design (3 mm) and therefore the possibility of pressure increase. For that purpose a fast and accurate measurement of torque is necessary.
ELECTRONIC TORQUE MEASUREMENT
For measuring torque a spring is located in the torque sensor between ball ramp and movable plate to allow the ball ramps to twist. While the movable plate stands still the axial force is balanced by the spring force. Depending on the spring characteristics there is a linear relationship between torque and twisting angle. This angle is deduced from the phase shift of two measuring gearwheels whose sides are scanned by an inductive sensor each (Figure 2 ). Contrary to the measurement of frequency here an accurate measuring signal requires the precise setting of the distance between both sensors and the gearwheel. It is recommended to keep the air gap as small as possible (< 0.3 mm) and in the same size for both sensors. Due to the far wider influence the eccentricity of the two gearwheels in relation to each other must be kept to a minimum (<0.05 mm): if the air gap between the gearwheel and the sensor changes during one revolution, the frequency of speed superimposes the signal course of phase shift. Since the latter equals the temporal difference of both sensor signals, these effects influences the result significantly ( Figure 3) . By the use of as accurate as possible made gearwheels the amplitude of the steady state signal could be lowered from 18 Nm to 9 Nm. Because the number of teeth of the measuring gearwheel is limited by the maximum twisting angle, the signal can not be averaged without loosing high dynamics. For a high resolution the maximum twisting angle should be big. This means a low number of teeth because the phase shift is the time between the edge of gearwheel 1 and the edge of gearwheel 2. For a secure determination it is necessary that the angle between two following edges is at most the maximum twisting angle. One more influencing factor is the behavior of the used spring. A high stiffness, a low need of space (especially in axial direction) and a spring stroke of about 3 mm for a sufficient twisting angle is required. In addition the entire arrangement must have a small hysteresis. The new chain converter, which is designed for the pressure controlled hydraulic system, is dimensioned for a input torque of 300 Nm. According to [11] torque peaks up to 2.5 times of rated engine torque occur during front end loading at a tractor with a chain converter (mainly caused by strong engagements of a dry clutch even if a clutch engagement damper is applied). For the speed reducing transmission mode very high forces result from torque at the output shaft. Due to this high forces it is almost impossible to get a spring, which fulfils all above mentioned demands. The measurement of temporary torque peaks can be omitted, because they have a steep rise and cause a pump function anyway. But there is still acceleration torque, which can be equal a multiple of rated engine torque depending on change of ratio. In order to find a suitable solution, several variations were developed and tested.
To get an idea of the spring characteristic curve the forcestroke-curves at compression and relief of the different springs have been measured in a tension/compression testing machine. Beside it a test bench was build to improve the torque measurement and test the hydraulic system. This test rig consists of one half of the new clamping system, which means a variable displacement pump, a pressure control valve, and a new torque sensor. Also a torque measurement shaft for data acquisition and a disc brake is assembled. In addition to providing a constant, in-or decreasing braking moment, the brake allows for abrupt moment increase. Thus, especially cases of very steep torque rise (danger of chain slipping) [7] , which are critical for the life span of the chain converter, can be realized and the dynamic behavior of the torque measurement method be checked. According to [10] disc springs were used for the first tests. These have a high stiffness at a low need of space and a high damping rate. To reach an acceptable spring stroke at the small diameters of the spring, which are forced by the design of the converter, a spring washer set was used in alternated arrangement. But measurements showed, that the hysteresis is too big for a save operation without a safety by excess clamping (Figure 4 ). This is caused by the contact friction between the disc springs themselves and the ball-ramp, by the high internal friction and the stick-slip effects. Several small helical springs, which are located concentrically to get the postulated stiffness, gave a better impression. The measurement in the tension/compression testing machine shows a small hysteresis loop, the friction between spring and seat is included. To get more information this formation was examined in the component test rig. Figure 5 displays the comparison between the measured torque by the torque sensor and the torque measurement shaft. Friction in circumferential direction is already considered calculational. This influence is caused by the spinning of the ball ramps and the mounted springs whereas the movable plate does not turn. Friction appears between the springs and movable plate. Thus the measured twisting angle is too small. If conversion is made only with the characteristic curve of the used spring, the result is lower than the effective torque. For this reason the effective torque is the sum of friction torque and measured torque. It is calculated as follows:
Teff effective torque Tmeas torque calculated of measured twisting angle friction coefficient helix angle of ball ramp
With this approach a good accordance could be achieved in a wide range ( Figure 5 ). If torque decreases after a steep increase, the signal of the torque sensor is higher than the one of the measurement shaft (2-3 s, 11-14 s). Friction, which occurs in axial direction, is not considered in the formula. Therefore the number of parts, which have relative movement, has to be reduced in further design. Dynamics is high, even torque shock The valves must provide high dynamics in case of pressure increase in order that the oil pressure follows the setting of nominal value very fast. So an important criterion for valve behaviour is the response to a set-value step. Indeed a certain delay is preferable in case of pressure decrease. In cases of high torque peaks which are not acquired by the torque measurement via twisting angle the pump function increases pressure. Because the pressure control valve does not get order to increase pressure, it tries to adjust the pressure level according to its set point. If the valve reacts very fast, the movable plate will move to the end stop without a significant increase of pressure [12] . In case of torque decrease this delay of the valve may cause a short period of excess clamping. This does not influence the function of the converter or cause any damage. A hydraulic pilot controlled pressure control valve, which shows a very good dynamic behavior, has been suggested in [10] . Such a valve needs a constant oil flow of 0.61/Umin for a proper operation. This means, that the pump has to deliver an oil flow of at least 1.21/min all the time. This conflicts with the idea of a low energy consumption designed hydraulic system. Therefore direct operated pressure control valves of different manufacturers were tested. Best valves could deliver a fast pressure increase from a pressure level around 6 bar. We are looking for a target pressure level of 4 bar.
VENTING OF HYDRAULIC SYSTEM
High overall efficiency requires also low hydraulic leakage. Therefore seals are necessary in the hydraulic chamber of the torque sensor, the clamping cylinder and the rotating union. Without leakage air accumulates, because there is no oil flow. Special air drainage arrangements must be integrated to get rid of the air which can disturb the control functions (Figure 6 ). For that reason the drill hole of the converter shafts are divided by a tube. The rotating union was designed with two connections as well. The outgoing port is closed except for moments of venting. To keep down mechanical losses at the seal of the rotating unit, only one piece is build-in. To reach a seal anyhow, in-and output is separated by a small gap (0.1 mm). The dimension was defined that way that losses caused by shearing force are not high even at low temperature and also a part of the oil flow flows through the converter.
SIMULATION
In order to gain experience with the hydraulic system before the test rig is build up, a simulation model was build. The simulation software used was MAT-LAB/Simulink.
Since the dynamic behavior of the pressure control valve is decisive for the total function of the clamping pressure control system, a detailed model was developed of the pilot controlled valve [10] . The mechanical assembly consists of an electric engine, the chain converter transmission and a brake. In the following simulations the engine delivers a constant torque of 20 Nm. At output side torque is varied abruptly (2.9 s, 3.7 s, 4.5 s and 5.2s).
Torque Measurement at In-and Output Shaft This model contains the torque measurement at both shafts. The higher value gives the basic pressure level, which is increased eventually by the ratio controller [10]. There is no safety against chain slipping added by an extra pressure. For the simulation torque changes rapidly beside the variation of ratio. Figure 7 exemplary shows torque, pressure and set pressure target at the output shaft of the transmission.
In addition the stroke of the movable plate and the actual and set ratio target are plotted. Because of the sensor capacity coefficient cF = 10.01 Nm/bar pressure must not fall below the tenth of absolute torque value. This is prevented reliable by the pump function as Figure 7 shows. The ratio is hardly affected by steep torque change on output side (e.g. 2.9 s and 3.7 s). A safe operation is allowed in spite of abandonment of excess clamping. Disadvantage is the need of torque measurement. 
